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Grazing-incidence x-ray diffraction study of Langmuir films of amphiphilic monodendrons
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We have used pressure-area isotherms and grazing-incidence x-ray diffraction to study structures of Lang-
muir films of first-generation monodendrons with two or three peripheral alkyl chains. Unlike the structures
observed in their bulk liquid crystalline mesophases, these multichain monodendrons form either a centered
rectangular lattice with molecular axes tilted toward nearest neighbors or an oblique lattice with molecular axes
tilted in low-symmetry directions.
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[. INTRODUCTION molecular architecture of the repeat unit, the generation num-
ber, and the functionality both on the periphery and in the
Langmuir films, composed of amphiphilic molecules ad-apex. Depending on the width of the aliphameripheral
sorbed at the air-water interface, continue to attract wideend and the apexcore, the monodendrons might be de-
spread attention due to their importance as models for twoscribed as tapers, half disk, disks, pyramids, cones, half
dimensional structures and phase transitions, as modspheres, or spheres, resulting in lamellar, columnar, or cubic
biological membranes, and as precursors for technologicallynacroscopic latticef19]. Although the bulk structures and
important Langmuir-Blodgett filmg1—-4]. In recent years, phases of dendrimers have been heavily studied, less is
the field has advanced greatly due to the development dénown about their behavior at solid or liquid interfa¢@—
synchrotron x-ray scattering and surface microscopy tech24]. We recently used x-ray reflectivity to study a series of
niques[5-7]. second and third-generation monodendrons with hydropho-
The vast majority of films studied have been composed ofjc CiHos alkyl tails at the periphery and hydrophilic
linear molecules with a hydrophilic end group and a hydro-coQH, CGQCHs, or crown ether groups in the co4]. We
phobic alkyl tail. Such molecules generally form a close-found that they were best described by a model in which the
packed structure in the compressed state, possibly with somg,drophilic core was at or beneath the water surface, there
tilt of the molecular axes. Less attention has been paid tQuas a low-density region just above the surface, and the
other molecular geometries. A crown ether modified W|tha|ky| chains formed a h|gh_dens|ty Sub]ayer above the sur-
two alkyl chains appeared to form a close-packed structurgace with the chains directed perpendicular to the interface.
with variable chain tllt[8] PhOSphOllpld molecules with two In the present paper we extend this program with a grazing-
hydrophobic chains have been heavily studied due to theifcidence diffraction study of closely related monomers with
importance in biological membrang8,10]. Langmuir films  two and three alkyl chains.
composed of disk-shaped moleculesich as those that are  \ve used pressure-areH{A) isotherms and grazing inci-
responsible for the formation of discotic liquid crystetigpi-  dence x-ray diffractioGID) to study first-generation mono-
cally pack in an “edge-on” arrangement, with columns of dendronsl and2 with two and three hydrocarbdi] chains
molecules running parallel to the water surfa¢@—14. In gt the periphery, respectivelfig. 1). The peripheral hydro-
most of these cases only one peak is observed in grazingsopic alkyl chains are GH,s, the hydrophilic polar groups
incidence diffraction measurements, which limits the amoungre formed by CHOH in the cores, and these two parts are
of structural information that can be inferred. connected by rigid aromatic benzene rings that form the
Molecular and supramolecular monodendrons form &yanching backbones for these multichain molecules.
powerful route to forming crystalline and liquid-crystalline  \ve found only one distinct compressed phase for both
structures with precisely controlled structure and functionalzompounds from the isotherm measurements. GID studies in
ity [15-18. The monodendron shape is determined by thghe compressed state showed well-resolved diffraction peaks
for compound 1 not seen in similar two-chain molecular
films [6,9,25-21.
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dress: heiney@physics.upenn.edu
TPresent address: Cognis Deutschland GmbH & Co. KG, Henkel-
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Torrey Pines Road, La Jolla, CA 92037. where[28]. Small amounts 102 g) were weighed on a
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FIG. 2. Pressure-area isotherms of monolayers of dendritic com-

e E’? poundsl and 2.
QQ\AO\OO\D vanced Photon SourddPS), Argonne National Laboratory.
CHOH The x-ray optics were similar to those described elsewhere
POSSUUN s & [11-13,29. A Ge (11)) crystal deflected a monochromatic
beam of wavelengtih =1.240 A toward the film surface at
FIG. 1. 1: A first-generation monodendron with two hydrocar- an angle slightly smaller than the critical angle for total re-
bon chaingtop). 2: A first-generation monodendron with three hy- flection. Sdler slits between the sample and detector pro-
drocarbon chaingbottom. vided additional collimation in the scattering plane. A linear
position sensitive detectaqiPSD was mounted on the @
Denver Instrument AD-200DS electronic balance to an accuarm so that scattered intensity was measured as a function of
racy of 10 ° g. The solute was then dissolved in high per-both the in-plane momentum transf@x,, and the out-of-
formance liquid chromatography grade chlorofot89.9%  plane momentum transfép,. We define the in-plane mo-
purg) to make dilute solutions of concentration ranging frommentum transfer to b&,,=4m sin(6)/\, where 2 is the
10 3 M to 10 % M. The subphase water was purified using ascattering angle in the horizontal plane. This approximation
Millipore filtration system with a resistivity p  neglects small corrections arising from the out-of-plane com-
>18.2 MQ) cm. We typically deposited 50—1Q@l of solu-  ponent of the momentum transfer.
tion on the water surface for isotherm or GID measurements. The resulting instrumental resolution in the scattering
The Langmuir trough employed for tfie situ has dimen-  plane wasAQ,,=0.002 A™* full width at half maximum
sions of 160X 476 mnt and a compression ratio of more (FWHM). At each setting oQ,,, the PSD collected photons
than 9.0.I1-A isotherms were collected both at the Univer- in the range—0.15 A 1<Q,<0.91 A"1. We will refer to
sity of Pennsylvania, using a Lauda film balance, angitu  the sum of all counts in the PSD at a particugy, as the
during the x-ray measurements, using a Wilhelmy pldle  “ Q,-integrated intensity.” Since our films are believed to
The Lauda balance and Wilhelmy plate were adjusted fohave no preferred orientation, these intensities correspond to
zero surface tension with a pure water subphase; the Laudatwo-dimensional powder diffraction pattern. The resolution
balance was calibrated using a standard weight and the Wiln Q, was 0.004 A* FWHM. GID scans were performed in
helmy plate was calibrated using the difference of surfacghe range 1%26<25° (0.09 A'<Q,,<2.19A™"). In
tensions of pure water subphase and air. The two measurgeneral we observed strong powder diffraction peaks near
ments gave consistent results, but the Wilhelmy plate wag§~15°-22° Q,,~1.3-2.0 &'%).
found to be less suitable at higher surface pressures. The Our samples were somewhat sensitive to radiation dam-
films were sufficiently stiff that the plate was sometimesage. After 30 min or more in the primary beam, the exposed
tilted sideways or even pushed out of the film. Thereforepart of the film was damaged, as demonstrated by decreasing
during the course of the x-ray measurements we relied pridiffraction peak intensities. We minimized radiation damage
marily on molecular surface areas to establish a connectioby keeping the x-ray shutters closed as much as possible and
with previously determinedl-A isotherms. by frequently translating the sample in the beam. We per-
During the diffraction measurements, the subphase watebrmed cross-checks to verify that peak positions and pro-
temperature was maintained at 15°C. The films were comfiles were not highly sensitive to radiation damage over the

pressed to a surface pressure in the range of 15—-20 mN/mp-20 minute time scale of a typical exposure.
and measurements were then made at fixed area. The Lang-

muir trough Was_I(_)(_:ated in a sealed chamber, v_vhich was Ill. RESULTS AND DISCUSSION
flushed with humidified He to lower background air scatter-

ing and minimize evaporation. The II-A isotherms(Fig. 2) for compoundsl and 2
GID measurements were conducted using the liquid surshowed only one stable compressed solid phase above the
face spectrometer at beam line 91D, CMC-CAT, of the Ad-dilute gas phase.

021601-2



GRAZING-INCIDENCE X-RAY DIFFRACTION STUDY ...

PHYSICAL REVIEW E67, 021601 (2003

6000 - =
q, =1.345 1 counts
1000
—_ 900.0
_'@ 800.0
g 7000
600.0
8 500.0
-~ K 400.0
:é‘ 'I< 300.0
2 ~ 200.0
] (e} 100.0
= 0
>
o
x
o T T T T T 1 T T T T T
10 12 14 16 18 20 22 10 12 14 16 18 20 22
A -1
Q, (A" Q, (A%

FIG. 3. GID patterns from a monolayer of two-chain molecules £ 4. Contour plot of the intensity distribution in t@,,-Q,
1 compressed to 442M0Iecu_le. Points  show measured pjane for compound.
Q sintegrated intensity as a function of in-plane momentum trans-

fer; the solid line is a fit to the Lorentzian line shape. - ]
peak positions of compound were well indexed as the

When the films were further compressed to above 641:D: (2,0, and(0,2) reflections of a centered rectangular
mN/m, they became unstable to multilayer formation. Thiglattice with lattice parameters=7.44 A, b=6.32 A. (This
critical pressure is slightly larger than that of arachidic acigStructure can alternatively be thought of as a slight distortion
films (55 mN/m) measured with the same Lauda film bal- of a hexagonal lattice to give an oblique lattice with lattice
ance, and reflects the high stability of these films both tParametersa’=b’=4.88 A and an angle of 99.3°, rather
multilayer formation and subphase dissolution. The molecuthan 120°, between themThe FWHM for the first three
lar area for compoundl (two chaing varies between peaks in Fig. 3 are 0.040 &, 0.023 A%, and 0.022 A*,

68 A?/molecule and 45 Amolecule in the compressed respectively. The corresponding correlation lengths are 160
phase; the corresponding values for compouhdthree A, 270 A, and 280 A for the three peaks of the in-plane
chaing are 90 &/molecule and 75 Aimolecule. (These lattice of compoundL.

values were calculated by extrapolating the linear steep por- From the lattice parameteasb, we can calculate the area
tions of the isotherms to zero pressure and to the point odf the unit cell of the in-plane centered rectangular lattice.
inflection at high pressuneThus, the area per chain ranges For compound, the calculated area is 47.0F AWe note that
between 23 and 34 Afor compoundl and between 25 and this is equal within experimental uncertainty to the molecular
30 A? for compound2. These results are easily explained if area at the surface concentration chosen. A hexagonal or cen-
the tails are somewhat “splayed” or tilted out at the onset oftered rectangular lattice would be the normal result of close
the riser, and close packed at full compression. The maxipacking of identical alkyl chains. Alternate structures can be
mally compressed areas are comparable to those of congensidered. A herringbone or other simple rectangular struc-
pressed Langmuir films formed by rodlike, single alkyl chainture would result in finite intensity for mixed odd-even index
amphiphiled30]. For example, the limiting areas for mono- rectangular peaks such as t#1). Since such peaks are not
layers of arachidic acid are 24°Anolecule for the tilted observed, the scattering must be dominated by the peripheral
compressed phase and 26//olecule in the nontilt, higher- alkyl chains, which occupy equivalent positions in the cen-
pressure compressed phase. GID measurements on cotafed rectangular lattice. The apical benzene rings do, how-
pound 1 were made at a fixed molecular area of 44ever, play a role. They result in a lattice that is somewhat
+2 A%/molecule, and those on compouRdvere made at a dilated compared to that expected for bare alkyl chains, they
fixed molecular area of 602 A%/molecule. slightly modify the Q, dependence of the observed peaks,

The Q,-integrated intensity for compountis shown in  and they prevent the formation of rotator phag®H seen in
Fig. 3. Thed spacings of the strong peaks are all in the rangemonolayers of single-rod amphiphilg€32,33.
of 3—5 A, comparable to typical distances between neighbor- Figure 4 shows that the diffracted intensity forms rods in
ing parallel chains. This clearly demonstrates that the inthe Q,,-Q, plane, and that for some of the peaks the maxi-
plane structure is essentially lamellar, and is dominated bynum is at finiteQ,. To analyze these results, we model the
close packing of the alkyl chains. Such a structure is inchains as rods of charge, possibly tilted away from the nor-
marked contrast to the bulk liquid-crystalline mesophases ofnal. The extent of the Bragg rods depends inversely on the
monodendrons, which show much larger lattice parametertengthL’ of the molecular rod, and the effect of tilting the
determined by the end-to-end length of the molecliléss~ rod is to move the diffraction maximum to finit®,. We
18]. The sharpness of the peaks indicates the existence tdkelL' to be the true length of the rod ahd=L’'cosrto be
long range(or quasi-long-rangein-plane structural order. the projection of the rod length on theaxis normal to the
Peak positions and widths were obtained from least-squardsterface, with7 being the tilt angle. We then calculate the
fits of the first three peaks to a Lorentzian line shape. Thequare of the molecular form factor to be
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FIG. 5. A Bragg rod scan as a function &, for samplel Qxy (A"
measured at Q=1.345 A",
FIG. 6. GID patterns from a monolayer of three-chain molecules
L\ 72 2 at fixed area of 60 Amolecule. Points show measured
sin( (QZ—Qgeak)—> Q,-integrated intensity as a function of in-plane momentum trans-
1(Q,)=1, 2 (1) fer; the solid line is a fit to the Lorentzian line shape.
L
(Qz— Eeak)z we should observe a peak §,=1.03 A1, outside the

range of our measurements. The intensity &yddepen-
dence of the third peak in Fig. 3 arises from the much weaker
contribution of lower density, and nontilted, aromatic portion
of the molecule that is close to the water surface. This is
consistent with our earlier reflectivity measuremd@4] of

Wi lculatE29 34 39 the tilt ler f th similar monodendrons, which indicated a lower electron den-
e can now calculatf29,34,33 the tilt angler from the sity of the aromatic apical region than the aliphatic tails.

fitted value OfQ??ak' For a particular peak with Bragg indi- 1,5 a model that is quantitatively consistent with all the
ces 0,k,0), the tilt angle and peak position are related by §atq has the benzene rings close the water surface contribut-

peak ing weakly to all three peaks, and tilted chains well above
Q; @) the subphase dominating the intensities of the first two
Qxy ' peaks.

With the assumption that the chains are uniformly tilted in
where 7 is the tilt angle of the rods away from theaxis, one direction, we can calculate the area of the unit cell pro-
V.« is the azimuthal angle defined by the the projection ofijected in the plane normal to the molecular axes, ¥,
the tilt and the diffraction plane§.e., zero if the tilt projec- =A cos{)~47 cos(27.3°) A=42 A%, corresponding to a
tion is parallel to or along the diffraction p|ar)egggeak is  chain area of 21.0 & only 5% larger than literature values
the position of the intensity maximum along tQe axis, and  for amphiphiles such as arachidic a¢&D,35.

Qyy is the horizontal component of the momentum transfer Note that the centered rectangular phase observed in com-
that meets the Bragg law. In the case of compound 1, thpound 1 is a consequence, not just of the molecular tilt
rods tilt toward nearest neighbors, and therefore the tilt profwhich serves to break the hexagonal symmyelyt also of
jection is along the (1,1) direction in the hexagonal basighe noncircular cross section of the molecule and the fact that
vectors. From the fit in Fig. 5 we calculate a tilt anglesof the chains are bonded to the apical benzene region, which
=27.3°. This implies that the molecular rod lengthlis constrains their possible motions. Even if the tilt angle were
=L/cos@)~31.44+0.10 A. reduced by further compression, we would not expect to ob-
The standard estimaf&4] of the length¢ of a fully ex-  tain a hexagonal lattice, unlike simpler amphiphiles with a
tended (CH),CH; alkyl chain, assumed to be in thel-  rotator Il phase31,36.
trans configuration, is¢,,,,=(n+2)1.265 A, which in our Figures 6 and 7 show th@,-integrated intensity and in-
case gives ,=15.3 A. This is consistent with simple mo- tensity distribution, respectively, of the three-chain com-
lecular modeling using Chem3t, which provides an esti- Ppound2. Fits to the GID pattern in Fig. 6 for molecul®
mated length of the core benzene-ring portion of the molYyield peaks aQ,,=1.397 A"*, 1.462 A", and 1.632 A*,
ecule at 17.0 A. Thus, the length of fully extended branchedvith peak widths 0.086 A*, 0.15 A™*, and 0.066 A*, and
(i.e., alkyl chain plus three branched benzene jiigsap- ~ corresponding correlation lengths of 73 A, 41 A, and 96 A.
proximately 33 A. A comparison of the first two peaks indi- These can be indexed as t10), (0,1), and (1, diffraction
cates that the tilt angle of the chain should be towards g@eaks of an oblique lattice with=4.80 A, b=4.95 A, and
nearest-neighbor chain. This model, however, requires soniacluded angle 110.4°. From these parameters we calculate
fine tuning to explain the profile of the third peak. If the [31] a unit-cell area of 22.27 A approximately equal to the
scattering were completely determined by the alkyl chainsarea of a single alkyl chain. The tilt direction can be inferred

Figure 5 shows a fit to th®, dependence of the intensity
of compoundl at Q,,=1.345 A"* to the functional form in
Eq. (1). The best fit givesQP®®*=0.530 A'! and L
=27.94 A

tan( 7)sin(Wp) =
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2 counts One feature that distinguishes our compounds from more

L commonly studied amphiphiles is the noncircular cross sec-
tion of the component molecules. Langmuir films of normal
single-chain amphiphiles are often described as rotator
phase431] similar to those observed in bulk paraffin struc-
tures[36]. Such dynamic behavior is very unlikely in the
present case, because of the large energy barriers to rotation
of either the entire molecule or the individual alkyl chains
relative to the rest of the molecule.

Tsukruk and co-workerg37,38 have recently used GID
and x-ray reflectivity to study Langmuir films of low-
generation monodendrons containing a crown-ether polar

T T group, azobenzene spacer, and a varying number of periph-
w ’ ’ eral alkyl chains. Their results are consistent with ours in
Q, (A showing a substantial chain tilt arising from the size mis-
match between the apical and peripheral regions.

FIG. 7. Contour plot of the intensity distribution in tigg.,-Q,

plane for compouna.
IV. SUMMARY

from the splitting of the first three peaks. In the case of We have used GID to study the compressed solid phases
close-packed hexagonal lattices with no tilt, the first diffrac-of multichain monodendron Langmuir monolayers. We ob-
tion peak is a_degenerate multiplet consisting of the (1,0) serve multiple, strong, well-resolved diffraction peaks indi-
(0,1), and (1,) Bragg peaks. For tilt along the nearestcating a high degree of structural order. We observe a cen-
neighbor (NN) direction [i.e., (1,1)], the first peak from tered rectangular lattice in compound 1 and an oblique lattice
(1,0) and (0,1) is split from the second peak from_()l,as in compound 2, in both cases acco_mpamgd by molecular tilt.
well as the case for tilt along the next nearest neighbo;rhese results may serve as a starting point for further explo-

(NNN) direction. However, in the case of lower-symmetry ration into the structures and structure-function relations of
iilt (i.e., neither .NN nor N;\IN the (1,0), (0,1), and (T)l Langmuir and solid films of more complex dendrimers.

peaks are all resolved.
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